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Abstract
Low surface brightness dwarf galaxies (LSBs) are galaxies with effective surface brightness µ̄e,g >
24.2 mag arcsec−2 and are the most abundant galaxies in our Universe. Their diffuse nature makes
them susceptible to interactions with nearby galaxies and environment which can affect their mor-
phology and structure. Recent developments in deep, wide-field observations have made it possible
to probe LSBs on a large scale. For example, Tanoglidis et al. 2021 performed g, r, i band photom-
etry of LSBs in the Dark Energy Survey (DES) and found that red LSBs tend to cluster in regions
that mostly coincide with known galaxy clusters, while blue LSBs dominate the areas outside these
groups.

Galaxies in our Universe form a web-like structure called the Cosmic Web, where dense clusters
and groups are connected by intermediate-density filaments and walls, separated by very low-density
voids. The Fornax-Eridanus supercluster is embedded in the Fornax Wall, connecting the Fornax
cluster, Eridanus Supergroup, and the Dorado group. These systems are in the process of merging
with nearby groups, providing an opportunity to study the effects of the large-scale environment on
galaxies. Recently, Raj et al. 2024 detected the spine (or central axis) of the Fornax Wall and studied
the morphology of massive galaxies relative to the spine. They found a morphological segregation,
where early-type galaxies highly populated regions close to the spine.

Our objective is to explore the effect of the large-scale environment on LSBs in the Fornax-Eridanus
Supercluster. Specifically, we investigate whether LSBs trace the Fornax Wall spine, like massive
galaxies do (Raj et al. 2024). We first identify members of the Fornax Wall from the photometric LSB
catalog by Tanoglidis et al. 2021 and we divide the population into two groups: i) those within one
virial radius of galaxy groups and ii) those outside this radius (pristine galaxies). We then study their
distribution within the supercluster. We probe the morphology-density relation and examine galaxy
properties such as effective radius, surface brightness, Sérsic index, and stellar mass with respect to
their distance from the spine of the Fornax Wall.

Our findings show that red LSBs are located in and near groups close to the Fornax Wall, where they
dominate the population, while blue LSBs dominate in the pristine environment. We also find that
groups host a population of red LSBs with large effective radius, a characteristic not found in regions
far from groups. This indicates that the environment plays a significant role in the formation of large-
sized LSBs. This work lays the foundation for future studies that explore in detail the importance of
local and large-scale environments in the formation and evolution of LSBs.
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1 Introduction

1.1 The Cosmic Web and superclusters

Redshift surveys (e.g., Huchra et al. 1983) and N-body simulations (e.g., Springel et al. 2005b, Vo-
gelsberger et al. 2014) have shown that baryonic and dark matter form large-scale structures (de
Lapparent et al. 1986) on scales of Mpc called the Cosmic Web (Bond et al. 1996. The Cosmic Web
(see Figure 1) consists of filaments and walls, connecting high-density nodes comprised of clusters
and groups of galaxies. These may be separated by extremely low density regions, known as voids.

Figure 1: Structures in the Cosmic Web: Poster from the Millennium Simulation Project (Springel et al.
2005a) of the projected dark matter density field for a 15 Mpc/h thick slice of redshift z = 0. The bottom-most
tile highlights a node, the middle tile displays filamentary structures around the node, and the top-most tile
provides a broad view of the Cosmic Web.

Galaxy evolution is known to depend on the local matter density. In dense regions, galaxies can in-
teract with the local environment and evolve differently compared to those in low density regions.
Apart from this, the large-scale environment in which these regions lie also affects the galaxy evolu-
tionary pathways. According to the ΛCDM model (White and Rees 1978), the dark matter halos in
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which galaxies reside, merge hierarchically through gravitational interactions. Galaxies and matter
flow from low density regions to high density regions. Clusters and groups grow by accreting individ-
ual, pairs or entire groups of galaxies. This evolution has been found to depend on their large-scale
environment (e.g., Einasto et al. 2012a, Tempel et al. 2009).

Groups, clusters and filaments can be embedded in larger systems called superclusters (de Vau-
couleurs 1958) and these superclusters may be situated in walls (Einasto et al. 2010, Einasto et al.
2017). Various studies (e.g., Araya-Melo et al. 2009, Tully et al. 2014, Haines et al. 2018, Einasto
et al. 2021) have demonstrated that these massive structures vary significantly in their dynamical
states, galaxy compositions, and sizes. The high density cores of superclusters host rich clusters that
accrete nearby galaxies while small, poor groups tend to populate other regions (Einasto et al. 2012b).
As they are dynamically evolving, studying the impact of dense supercluster regions on galaxies is
crucial to understand galaxy formation and evolution, and thus, large-scale structures.

1.2 Formation and evolution of dwarf galaxies

Dwarf galaxies constitute a majority of the galaxy population in the Universe and their low mass and
surface brightness makes them highly susceptible to interactions with their surrounding environment.
Therefore, they are ideal objects to study the effects of the large-scale environment. In this section,
we describe dwarf galaxies and their formation and evolution within environments such as clusters,
groups and filaments of a supercluster.

1.2.1 Dwarf galaxies and their classification

Figure 2: Prototype of dwarf galaxies with different morphology types in the Fornax cluster. Figure adapted
from Venhola 2019.
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Dwarf galaxies are defined as galaxies with absolute magnitude MB > −18 mag (e.g., Boselli et al.
2008). They exhibit a variety of shapes and internal structures. Like giant galaxies, dwarfs can be
classified based on their star formation activity into quiescent early-type dwarfs or gas-rich, star form-
ing late-type dwarfs. Due to the difficulties in observing gas in these faint galaxies, their morphology
is usually determined based on optical color, with early-type galaxies appearing red and late-type
galaxies appearing blue.

As in Figure 2, dwarf galaxies can be further classified based on their luminosity and appearance (e.g.,
Sandage and Binggeli 1984, Kormendy and Bender 2012). Early-type galaxies with a smooth spheri-
cal appearance are classified as dwarf ellipticals (dEs), while those that also have a disk component are
dwarf lenticulars (dS0s). Late-type galaxies are typically dwarf irregulars (dIrrs) and have a clumpy
irregular appearance. Further divisions can be based on structural parameters like surface brightness
(e.g., UDGs or ultra-diffuse galaxies), nucleation (e.g., dE(N) or nucleated dwarf ellipticals) or their
compactness (e.g., BCD or blue compact dwarfs, UCD or ultra-compact dwarfs).

These classifications often reflect different formation or evolutionary mechanisms, some of which are
discussed briefly in the following sections.

1.2.2 Cluster environment

Figure 3: Morphology-density relation observed in galaxy clusters (left); Figure adapted from Dressler 1980.
Luminosity function of galaxies with different morphology in low-density fields (top-right) and the Virgo clus-
ter (bottom-right); Figure adapted from Binggeli et al. 1988.

On observing massive galaxies, Dressler 1980 (Figure 3) found that early-type ellipticals and lenticu-
lars are more abundant in clusters than late-type spirals and irregulars. Similarly, in the case of dwarf
galaxies, it has been established that dEs are observed much more in high density environments than
in the field (Su et al. 2022, Venhola et al. 2022, Geha et al. 2012,Binggeli et al. 1987). Figure 3
shows the luminosity function of various types of galaxies in the field and the cluster environment.
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The Virgo cluster is dominated by dEs, while the field is dominated by dIrrs (or Irr in the figure). The
morphology-density relation is more pronounced for dwarfs than for massive galaxies due to their
shallow potential wells. For instance, no late-type dwarfs were found in the central region of the
Virgo cluster (Binggeli et al. 1987) while blue dwarfs almost exclusively populate isolated environ-
ments (Leisman et al. 2017, Geha et al. 2012,Román and Trujillo 2017).

The early-type dwarfs in clusters may have been formed through passive evolution of primordial
galaxies (e.g., Wheeler et al. 2017) before being accreted onto the cluster. However, the diversity in
structures found in cluster dEs suggests that they have multiple formation channels (e.g., formation
of nucleus as discussed by Su et al. 2022). These galaxies often possess gas tails, discs (Lisker et al.
2006) and have prolonged star formation histories (Koleva et al. 2011) similar to late-type dwarfs.
These features and the observed morphology-density relation within clusters suggests that they likely
form either through mergers (de Rijcke et al. 2005) or through environmental effects on star-forming
late-type dwarfs (Kormendy 1985).

When star-forming progenitors from nearby groups and filaments enter the cluster, they can interact
with the hot intracluster medium and cluster galaxies. Ram-pressure stripping can remove gas and
suppress star formation (Boselli et al. 2008). In some cases, imperfect ram-pressure stripping can
move gas to the inner parts, allowing star formation to continue in the center while the outer parts
become redder as the stellar population ages (e.g., Mun et al. 2021). Infalling dwarfs can also grav-
itationally interact with their hosts (e.g., galaxy strangulation; Garling et al. 2020) or other massive
galaxies in the cluster (e.g., harrassment; Smith et al. 2015). Tidal interactions can induce mor-
phological changes (like gas tails), strip the stars and gas in dwarfs, effectively quenching their star
formation. Interactions with nearby massive galaxies can also expand dwarf galaxies, creating low
surface brightness, “puffed up” UDGs (Tremmel et al. 2020).

Although the environmental processes that transform late-type galaxies are most common in clus-
ters, there has been evidence of cluster members that were pre-processed outside. Lisker et al. 2018
observed a group of dEs that were recently accreted by the Virgo cluster. Three dEs in this group
showed no signs of recent star formation, suggesting that their star formation was quenched before
their accretion into the Virgo cluster (Bidaran et al. 2020). Before their infall, pre-processed galaxies
may have belonged to groups or may have entered the clusters from nearby filaments (e.g., Lee et al.
2021) where they may have interacted with the environment. They may also enter from nearby low-
density areas such as voids or filament outskirts, retaining some of their original properties (Lee et al.
2021). Several observations support the significant impact of pre-processing such as the presence
of quenched galaxies beyond one virial radius of clusters (e.g., Donnari et al. 2021) and diminished
star formation activity in late-type galaxies located between one and three virial radius (Haines et al.
2015).

1.2.3 Group and filament environments

Groups are generally considered to be less virialized compared to clusters (Paul et al. 2017), although
the distinction between the two is not sharp. In groups, quenching of infalling galaxies by ram-
pressure stripping and harrassment are less effective due to the smaller relative velocities and lower
densities. As a result, dwarf galaxies in groups can have bluer colors on average compared to cluster
galaxies (Venhola et al. 2017). Interactions with the host galaxy and internal processes like feedback
might dominate and the galaxies might be more similar to isolated dwarfs than cluster galaxies.

Most of the dwarf galaxies in the filament environment and outside groups are blue, late-type star-
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forming dwarfs (e.g., Chung et al. 2021). Although filaments have relatively lower densities, signs
of environmental impact on dwarfs have been found. For example, Chung et al. 2021 showed that
star-forming dwarfs in some Virgo filaments had enhanced metallicities and suppressed star formation
comparable to those in the cluster. Transitional dwarfs (blue-cored dEs) were found in their filament
population, and are thought to be formed due to ram-pressure stripping or harrassment (Lisker et al.
2006). These galaxies fit the pre-processing scenario defined previously. However, whether the galax-
ies in filaments are influenced by the large-scale environment, or just by the local environment and
their proximity to massive host galaxies is still unclear.

1.3 Previous studies on the Supercluster-scale

The properties of massive galaxies have been shown to depend on the large-scale environment. Red
luminous ellipticals tend to have stronger clustering than blue, faint spirals suggesting a large-scale
morphology-density relation (e.g., Skibba et al. 2009, Einasto and Einasto 1987). Groups in the
outskirts of supercluster cores were shown to have more late-type galaxies (Einasto et al. 2008).
More early-type galaxies were found in dense supercluster cores both in groups and outside groups
as compared to other regions (Einasto et al. 2007).

To determine whether these observations are indeed due to large-scale environmental processes and
not the local environment or internal mechanisms, a more precise definition of filaments that connect
the different groups and clusters is required. Recently, Raj et al. 2024 determined the filamentary
structures around the Fornax-Eridanus supercluster and was able to study the position of massive
galaxies with respect to the structures. The fraction of early-type and late-type galaxies in groups
were found to depend on the distance from the filament spine (central axis), while there were no
gradients for both early-type and late-type galaxies outside groups. This suggests that the morphology
of massive galaxies in groups depends on the proximity to filaments within the supercluster.

Since dwarf galaxies are more susceptible to their environment than massive galaxies, it can be ex-
pected that they show a stronger dependance on large-scale environment. Only a handful of studies
exist for dwarf galaxies in a supercluster (e.g., Mahajan et al. 2010, Mahajan et al. 2011, Zanatta et al.
2024) and they have observed a dependance of their morphology on the local environment within a
supercluster. This thesis complements the research by Raj et al. 2024 (hereafter, R24) and will be the
first of its kind to explore the distribution and morphology of (low surface-brightness) dwarf galaxies
in a supercluster using the spine of the wall that the supercluster is embedded in.

1.4 The Fornax-Eridanus supercluster

The closest large-scale structure to the Local Supercluster is the Southern Supercluster (Mitra 1989).
It is a long strand of galaxies connecting Cetus, Fornax, Eridanus, Horologium and the Dorado
group (de Vaucouleurs 1953, de Vaucouleurs 1956). The Fornax-Eridanus supercluster consists of
the Fornax cluster (NGC1399), its infalling group (NGC1316), the Eridanus Supergroup (NGC1407,
NGC1302, NGC1332, NGC1395, NGC1398; Brough et al. 2006) and the Dorado Group (NGC1533,
NGC1672). The groups in the Fornax and Eridanus regions are found to be merging (Nasonova et al.
2011, Makarov and Karachentsev 2011). Along with NGC1316, smaller pairs and triplets are found
to be merging with the Fornax cluster. The groups in the Eridanus region are also predicted to even-
tually merge with each other (Brough et al. 2006) to form a cluster. Although the Supergroup is still
merging, the galaxies in each (sub)group are at different stages of evolution. For example, NGC1407
is considered to be a fossil group because the galaxies within it are mostly early-type (Trentham et al.
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2006) while NGC1332 is known to have more star-forming late-type massive galaxies (R24). The
Dorado group is in its early evolutionary stage.

The Fornax-Eridanus supercluster is embedded within the Fornax Wall (Fairall et al. 1994). The
central axis or the spine of the Fornax Wall is made of four filaments that connects the major groups
in the region (see Figure 4). It spans a length of 31 Mpc/h ranging from the distance of 15 Mpc/h
to 30 Mpc/h and is the most populated large-scale structure in the surrounding region. It contains ∼
50% of the massive galaxies (Ks < 12.5 mag) in the large-scale structures defined by R24 within its
neighbourhood radius 3 Mpc h−1.

Figure 4: The Fornax Wall in two different perspectives of its 3D location. The spine of the Fornax Wall along
with the spine of the filament connecting Fornax A group with the Fornax cluster (left). The major groups and
clusters within the Fornax Wall (right). Figure adapted from R24.

Aside from the Fornax Wall, there are other filaments in this region described by R24. A filament
connects the Fornax A group with the Fornax cluster (Figure 4). Other filaments connect to the Fornax
Wall at the Eridanus Supergroup and close to the Dorado group. The focus of this work will be on the
galaxies and groups that belong to the Fornax Wall, with the adjacent structures left for future studies.

1.5 Research Goals

A majority of dwarf galaxies also have low surface brightness (µ̄e,g > 24.2 mag arcsec−2). Recently, a
photometric catalog of low-surface brightness galaxies (LSBs) was made and analysed by Tanoglidis
et al. 2021 (hereafter, T21) as a part of the Dark Energy Survey (DES) Collaboration. They studied
the two-point correlation function (Peebles 1980) which can estimate the clustering in a sample of
galaxies. They found that red LSBs have a higher correlation amplitude (more clustering) than their
blue counterparts. The difference in clustering between red and blue LSBs was not due to a difference
in stellar mass as the correlation function was not dependant on the magnitude of the galaxies. This
suggests that environmental effects are responsible for the clustering.
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As mentioned in Section 1.3, R24 found that the morphology of massive galaxies was dependant
on the distance to the spine of filaments. The groups along a filament had more early-type massive
galaxies than the regions outside groups. Different filaments also had differing fractions of early-
type massive galaxies. The large-scale processes that cause the morphological segregation in massive
galaxies may also be the cause of the clustering of red LSBs observed by T21. Meanwhile, some
theoretical studies have shown that the strong clustering of faint red galaxies may be because they
are predominantly satellites of massive hosts (Berlind et al. 2005, Wang et al. 2009, Zehavi et al.
2011). The processes that cause this clustering are yet to be determined and, whether the local or the
large-scale environment matters is an open question.

The primary goal of this thesis is to identify signs of large-scale environmental effects on LSBs in the
Fornax-Eridanus supercluster using the spine of the Fornax Wall determined with massive galaxies
by R24. The research aims to establish a foundation for future studies on faint galaxy evolution in
superclusters. Specifically, we focus on addressing the following:

a. How are LSBs distributed in the Fornax-Eridanus Supercluster?

b. Do LSBs follow the morphology-density relation on a large-scale, as a function of distance
from the Fornax Wall?

c. How are their structural properties affected?

d. Does their evolution depend on their immediate environment or do they depend on the
large-scale structure?



Chapter 2 DATA 13

2 Data
In order to perform a statistical study on the LSBs of the Fornax Wall, a large, homogeneous and
highly complete sample is required. Given the very low surface-brightness, very few LSBs can be
found in the wide-field (e.g., Geller et al. 2012, Blanton et al. 2005), therefore a deeper survey is
needed. Dark Energy Survey (DES) uses the ground-based Dark Energy Camera (DECam; Flaugher
et al. 2015) to obtain deep imaging in the optical SDSS g, r, i, z bands in the Southern Hemisphere.
The survey footprint shown in Figure 5, mostly encloses the ∼ 1750 sq. deg region (red patch in the
figure) used in this thesis, fully including all the Fornax Wall groups. T21 provides a LSB catalog
based on DES. We match their catalog with the Fornax Deep Survey dwarf catalog (FDSDC) by
Venhola et al. 2018, which has a completeness of ≥ 50%. The T21 catalog has nearly ∼ 45% of the
FDSDC dwarf galaxies.

Figure 5: The footprint of the DES survey (black), the region of the Fornax-Eridanus Supercluster used in this
thesis (red) on the aitoff projection of the equatorial coordinates.

The methods used by T21 to produce the LSB catalog are summarised briefly here. They first re-
moved artifacts from the DES Y3 GOLD catalog using colors, effective radius, ellipticities and surface
brightness obtained by SourceExtractor (Bertin and Arnouts 2010). The definition of LSBs adopted
was from Greco et al. 2018 as Re,g > 2”.5 kpc1 and µ̄e(g) > 24.2 mag arcsec−2. Additionally, a ma-
chine learning classification algorithm was used to remove contaminants from diffraction patterns,
bright regions of Galactic cirrus, substructures of large spirals and tidal ejecta of high surface bright-
ness galaxies. After visual inspection of these galaxies, galfitm was used to fit a single-component
Sérsic function to galaxy radial profiles.

Some extended LSBs can also be massive (e.g., Bothun et al. 1985). However, due to the surface
brightness-luminosity relation (Binggeli et al. 1984), most LSBs are dwarfs. In addition to this, the
DES reduction pipeline is optimised for faint and small galaxies which can exclude detection of
extended (and massive) LSB objects. As a result, the T21 catalog consists mainly of LSB dwarf

1At the mean distance of the Fornax Wall (20 Mpc h−1), 1 arcsec ≈ 0.1 kpc
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galaxies2. Some examples of LSBs in the T21 catalog are shown in Figure 6.

The selections by T21 was tailored to remove massive galaxies and most of the artifacts. However, on
inspection of a sample (also described in Section 3.1.4), we found that some massive galaxies passed
their selections. Their sample is also estimated to include LSBs upto a distance of 100 Mpc (T21),
which is farther than the Fornax-Eridanus supercluster. Due to the above reasons, it is required to
identify LSBs in the T21 catalog that are members of the Fornax-Eridanus supercluster.

Figure 6: Some early-type (left) and late-type (right) LSBs in the T21 catalog.

2In the SDSS band, dwarfs have a r-band magnitude Mr > −19 mag; Choque-Challapa et al. 2021. The magnitudes
obtained in 3.1.6 and shown in 4.1.4 are in this range
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3 Methods
In this chapter, we first define the environments within the supercluster. Then, we obtain the super-
cluster dwarf (SC dwarf) catalog from the T21 catalog by identifying members using scaling relations
and known groups that are outside the Fornax Wall. Finally, we also calculate the absolute magnitudes
and the stellar mass of the galaxies by adopting distances based on the groups in the Fornax Wall.

3.1 Regions of interest

In this section, we present a preliminary catalog of supercluster LSBs by first identifying galaxies
located within the Fornax Wall. Then, we divide the population into two: group and pristine galaxies.

3.1.1 Galaxies within the 2D Fornax Wall

Filaments and walls usually have diameters ranging from 1 to 7 Mpc h−1 (Cautun et al. 2014). For
the Fornax Wall, a radius of r = 3 Mpc h−1 was selected by R24, as it produced the highest density
contrast between all the filament structures in their catalog and surrounding low density regions. Since
this selection was based on the 3D locations of massive galaxies, we adopt the same radius for our
analysis.

The T21 catalog encompasses a region significantly larger than the area within the radius of the
Fornax Wall (see Figure 5 and 7). Given that the catalog uses equatorial coordinates, we use the
angular separation of galaxies from the Fornax Wall spine as a proxy for the projected distance from
the spine. We convert the radius r = 3 Mpc h−1 to degrees and find a radius of ∼ 9◦. We adopt r = 10◦

in this thesis to include regions that may be excluded due to projection effect.

To identify LSBs within this radius, we use the search around sky function from Python’s astropy.
This function calculates the angular separation between objects in 2D spherical coordinates. Since
the perpendicular distance of any point from a curve is also the shortest distance to the curve, we
designate the minimum angular separation of a galaxy from the locus of the Fornax Wall spine as its
projected distance.

3.1.2 Group and Pristine environment

As the properties of galaxies within groups and outside groups are known to be different, the LSBs
are divided into two populations: all galaxies within one virial radius of groups and the Fornax cluster
are ”group galaxies” and the galaxies outside one virial radius of groups and the Fornax cluster are
”pristine” galaxies.

The Fornax Wall has only one structure that is termed a ”cluster”, the Fornax cluster. In this text, we
refer to all galaxies within one virial radius of both groups and the Fornax cluster as group galaxies.
Additionally, the pristine environment includes galaxies that are in the outskirts of groups. These
galaxies may be (partially) influenced by the cluster potential well and are therefore, not isolated
galaxies.

Figure 7 illustrates the 20 groups and clusters that belongs to the Fornax Wall identified by R24 using
the group catalog compiled by Tempel et al. 2016. We match the Fornax Wall Brightest Cluster
Galaxies (BCGs) with the galaxy catalog by Kourkchi and Tully 2017 to find their corresponding
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groups, the group centers and their projected virial radii Rv. For the cases with no estimated virial
radius, a value of 1 deg is assumed. This is chosen based on the known virial radius of similar small
groups which ranges from 0.6 to 1.3 deg. The compiled properties of the groups are listed in Table 1.

Figure 7: The Fornax Eridanus (FE) Supercluster: The gray line traces the 2D projection of the filaments
that form the Fornax Wall spine (R24). Green circles and their corresponding labels represent the Fornax Wall
groups (R24, Tempel et al. 2016) and their virial radii (Kourkchi and Tully 2017). Gray points are the brightest
cluster galaxies (BCGs) in the groups. The Eridanus Supergroup, Fornax cluster and the Dorado group are
highlighted with different colors. The dotted-line is the DES footprint, which encloses nearly all of the Fornax
Wall.
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The galaxies within 10◦ from the spine is then segregated into group and pristine galaxies using the
search around sky algorithm described previously. The catalog obtained after this step is hereafter
called the initial SC dwarf catalog, which is then used to remove background and foreground galaxies.

The initial SC dwarf catalog has a total of 5240 LSBs with 4443 of them in the pristine environment
and 797 in groups.

Group ID RAJ2000 DEJ2000 Rv [deg] NLSB θ [deg]
Fornax 54.3184 -35.3897 2.2 260 0.83

Fornax A 50.7026 -37.1084 1.3 47 4.21
NGC1395 54.8196 -23.2141 1.46 75 2.48
NGC1332 51.9446 -21.2755 1.19 40 0.8
NGC1097 41.4692 -30.0411 1.22 32 9.1
NGC1532 63.1319 -32.4793 0.86 9 5.83
NGC1201 46.0326 -26.06 0.8 15 4.46
NGC1232 47.4509 -20.588 1.0 9 4.51
NGC1302 49.9607 -26.0177 0.6 11 0.96
NGC1340 52.0658 -31.4462 1.11 19 0.72

IC1970 55.3533 -44.3547 1.17 14 3.0
NGC1187 45.6511 -22.8797 0.41 2 5.0
NGC1519 62.0185 -17.1936 0.22 0 6.92
NGC1407 55.1204 -18.6044 1.1 91 0.31
NGC1398 54.7286 -26.3501 0.89 23 3.12
NGC1482 58.6702 -20.4947 0.22 0 4.02
NGC1291 49.2825 -41.1056 1.45 32 7.48
NGC1672 71.4255 -59.2699 1.0 8 3.12
NGC1566 64.3718 -55.7811 2.12 98 0.11
NGC1433 55.5065 -47.2222 1.0 12 2.86

Table 1: Column 1: Groups within 10◦ around the Fornax Wall spine. Column 2 and Column 3: Equatorial
coordinates of the group center. Column 4: Projected virial radius in degrees from Kourkchi and Tully 2017.
Column 5: Number of LSBs in the initial SC dwarf catalog within one virial radius. Column 6: Distance of
each group from the Fornax Wall.

3.1.3 Membership: Color-magnitude diagram

Previous studies on dwarf galaxies use scaling relations to remove background galaxies and identify
cluster members (e.g., Venhola et al. 2018). We justify the usage of these scaling relations to identify
the Fornax Wall group and pristine galaxies in this section.

In the color-magnitude (CM) space, early-type bright galaxies in clusters form a linear relationship
with a nearly flat, negative slope called the red-sequence. Figure 8 shows the red sequence formed
by Coma cluster members below MH < 15 mag. Background galaxies are redshifted. Some appear
below the red-sequence if they are very blue while most appear above the red-sequence with lower
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luminosity. A large number of these background bright galaxies were removed by T21 due to their
selection criteria mentioned in Chapter 2. In addition to this, they also explicitly removed galaxies
with g− i > 1.4 mag.

Some low-luminosity cluster members are known to lie above the red sequence as outliers which is
also seen in Figure 8. Compact dwarfs that were formed from larger galaxies are a possible outlier
(e.g., Price et al. 2009, Hamraz et al. 2019). As they are thought to be formed by stripping of the
outer parts of a galaxy, generally, they have Re(B)< 0.2 kpc and surface brightness higher than LSBs
(Price et al. 2009). The selections made by T21 have already excluded these galaxies. In addition
to compact dwarfs, dusty galaxies can also appear above the main sequence. In general, LSBs are
considered to have low amounts of dust as compared to brighter galaxies (see Hinz et al. 2007) due
to their diffuse nature and relatively low star formation (Vallenari et al. 2005). However, there is
some evidence that they can have a variety of dust levels (Junais et al. 2023, Liang et al. 2010). For
example, early-type galaxies with blue centers have been observed in far-infrared wavelengths (De
Looze et al. 2010). Although dust reddening is usually small for dEs in clusters (Hamraz et al. 2019),
we do not have sufficient information on isolated LSBs. It is possible that star-forming LSBs found in
isolated regions have dust content that makes them appear red. In previous dwarf galaxy studies like
Venhola et al. 2018, background galaxies were considered to have g− r and g− i colors 3σ greater
than the BCG instead of using the red sequence. This resulted in the inclusion of these outliers. To
retain potential dusty LSBs in our catalog, we perform a similar selection.

Figure 8: The color-magnitude diagram of galaxies in the central region of the Coma cluster adapted from
Eisenhardt et al. 2007. The filled black circles represent cluster members. The squares represent non-member
galaxies and the filled triangles are galaxies with unknown redshift.

The preferred method would be to use the BCGs belonging to each group. However, by searching the
SIMBAD (Wenger et al. 2000) database, we found only the Johnson and Cousins magnitudes of the
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Fornax Wall BCGs. These values can be converted to SDSS filter magnitudes using the equations in
Jester et al. 2005. To obtain g− r and g− i colors, B, V, R and I magnitudes are required. Only 6
among the 20 BCGs had all four magnitudes. Figure 9 shows that the bright LSBs (mr < 19 mag) lie
along the red sequence formed by the Fornax dwarf galaxy catalog by Su et al. 2021 in both group
and pristine environments. As the BCGs would lie along this red sequence, using the Fornax cluster
BCG colors for the entire sample is a good approximation. We further justify this in Appendix A.

For the Fornax cluster, Venhola et al. 2018 defines cluster members as g− r ≤ 0.95 mag and g− i ≤
1.35 mag based on NGC1399 galaxy. We remove galaxies outside this range (see Figures 9). To
exclude foreground contamination, 19 pristine and 2 group galaxies that have g− r ≤ 0 mag and
g− i ≤ 0 mag are also removed based on the range of colors in previous works on the Fornax cluster
(Venhola et al. 2022, Su et al. 2021).

Figure 9: Color-magnitude diagram of Group LSBs (left; purple), (b) Pristine LSBs (right; orange). Back-
ground galaxies removed using color selection (red), using surface brightness-magnitude diagram (green) are
included. The gray shaded region is the region removed by the g− r color selection. Fornax cluster dwarf
galaxies from Su et al. 2021 are plotted to highlight the red-sequence (black).

3.1.4 Membership: Surface brightness-magnitude diagram

The measured surface brightness of a galaxy does not change with distance because both the flux
and the angular size follows the inverse-square law. Therefore, background bright galaxies appear
as outliers on the surface brightness-magnitude diagram with fainter magnitudes and higher surface
brightness. As done in Venhola et al. 2018, the sigma-clipped group and pristine surface brightness-
magnitude relation is fit with a linear relation (Figure 10). Galaxies that are 3σ from the fit towards
higher surface brightness would be considered background. However, there were no galaxies above
this line in both cases due to the removal of high surface brightness galaxies in the g-band by T21.
In the pristine environment, a clump of galaxies that were in the range of 0.8 < g− r < 0.9 mag with
mr < 19.5 mag and µ̄e,r < 23.3 mag arcsec−2 was found as outliers from the general trend (Figure
10). After visual inspection of this clump, 30 pristine galaxies were removed as they were bright
ellipticals and background spirals galaxies.



20 Chapter 3 METHODS

Figure 10: Surface brightness-magnitude diagram of pristine LSBs with g− r color in the colorbar. The linear
least squares fit of the diagram is included as the black line. The dotted line is 3σ away from the fit towards
high surface brightness.

3.1.5 Membership: Removal of foreground and background groups

After the removal of background galaxies through scaling relations, the 2D distribution of the LSBs
showed clumping that were not part of the Fornax Wall groups listed in Table 1. To investigate this,
we overlay the group catalog by Tempel et al. 2016 and find that some of the clumping coincide with
background or foreground groups. We remove the LSBs within groups from Tempel et al. 2016 that
have the following conditions:

1. Comoving distance D < 15 Mpc and 30 < D < 150 Mpc.

2. At least 5 LSBs are present within 0.5 deg from group center.

3. Group centers are not within 2 times the virial radius of Fornax Wall groups.

4. Group centers are not within 1 deg from massive galaxies.

The 150 Mpc limit for the comoving distance in the first condition is used because the T21 catalog
is estimated to contain LSBs upto ∼ 100 Mpc based on the association of density peaks in the LSB
distribution with known clusters (T21). As small groups that are present within the Fornax Wall
were not identified by T21, it is possible that the catalog extends farther than 100 Mpc. The second
condition ensures that the LSBs actually form a group. The third and fourth condition are imposed
because some groups are found to coincide with massive galaxies (from R24) in the Eridanus region
and the LSBs near them are most likely supercluster members.

Figure 11 shows the background and foreground groups that pass the above conditions. In total, we
remove 237 pristine LSBs within one R200 radius of these groups. In addition to this, 215 galaxies in
55 < RA < 75 and −20 < DEC <−10 (red points in Figure 11) are removed manually using TOPCAT
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(Taylor 2005) after visually inspecting the crowded region. The final SC dwarf catalog contains 3926
LSBs in the pristine region and 791 group LSBs.

Figure 11: R200 radius of background and foreground groups within 15 - 30 Mp h−1 compiled from Tempel
et al. 2016 (red circle). The background and foreground groups within 2 times the virial radius of Fornax Wall
groups and 1 deg around massive galaxies (green cross). Area removed manually (red points), massive galaxies
in the Fornax Wall from R24 (black points) and LSBs in the SC dwarf catalog after background removal through
scaling relation (gray points) are also included.

3.1.6 Distances, Absolute Magnitudes and Stellar Mass

We calculate the absolute magnitude of the galaxies and their stellar mass in this section. To calculate
the stellar mass M∗, we use the empirical relation produced by Taylor et al. 2011. They use the g− i
color and Mi as follows:

log10(
M∗
M⊙

) =−0.68+0.70 (g− i)−0.4 Mi. (1)

The Fornax Wall has a distance range of 15 - 30 Mpc h−1. Assuming all the galaxies are at its mean
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distance of 20 Mpc h−1 can lead to absolute magnitudes that have errors of upto 1.5 mag. Another
option is to use the nearest massive galaxy and adopt its distance. Figure 12 shows the distances
of massive galaxies. They have a smooth variation in the bottom half of the Fornax Wall, but vary
non-uniformly near the Fornax cluster and the Eridanus Supergroup regions in the 2D space. Using
the nearest neighbour to adopt distances can thus introduce an additional bias due to projection effect.
Therefore, a more robust approach is required.

In 3D, the Fornax Wall spine is positioned such that the Dorado group region is nearest and the
Eridanus Supergroup region is the farthest from us (Figure 12). Taking advantage of this, we divide
it into six segments as shown in the figure. We adopt the distances of the well-known groups in the
segments. Segments 1, 2 and 3 are at a distance of 18.4 Mpc h−1 based on Dorado group’s NGC1566.
Segment 4 is at a distance of 20 Mpc h−1 based on the Fornax cluster. Segments 5 and 6 contain the
Eridanus Supergroup and we use the distance of NGC1407 at 24 Mpc h−1. We then calculate the
absolute magnitude and stellar mass.3

Figure 12: Massive galaxies in the Fornax Wall with their comoving distances from Tempel et al. 2016 in the
colorbar. Black circles are the Fornax Wall groups. Dotted lines separate the Wall into segments which are
labelled with numbers.

3For the conversion of effective radius from arcsec units to kpc, the distance of Fornax cluster 20 Mpc h−1 is used.
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4 Results
In this chapter, we first discuss the properties of LSBs in the SC dwarf catalog obtained in Chapter 3.
We investigate the morphology of the sample using the size-magnitude diagram, color-color diagram
and the Sérsic index-magnitude diagram. We present the calculated absolute magnitudes and stellar
mass. We then investigate the distribution of galaxies with respect to the Fornax Wall spine by using
2D density maps and calculating the fraction of galaxies with different properties as a function of
distance from the spine. For each of these results, we compare galaxies in the group and pristine
environment.

4.1 Properties of supercluster LSBs

In this section, we show the properties of the galaxies in the SC dwarf catalog to discuss their mor-
phology and membership.

4.1.1 Size-magnitude relation

Figure 13: Effective radius Re,r vs absolute magnitude Mr diagram of LSBs (red points) overlaid on figure
adapted from Venhola 2019 using the catalog by Brodie et al. 2011 (black points). The blue dotted ellipses
denote the location of massive ellipticals (E), lenticulars (S0), spirals (S), dwarf elliptials (dE), dwarf irregulars
(dIrr), blue compact dwarfs (BCD), dwarf sphericals (dSph), ultra-faint dwarfs (UFD), compact ellipticals (cE),
ultra-compact dwarfs (UCD) and star clusters in the diagram.
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The size(Re,r)-magnitude (Mr) relation can be used to hint at the morphology of galaxies. For exam-
ple, bright, compact dwarf galaxies have a smaller magnitude and radius as compared to LSBs which
are diffuse and larger. The relation is thus useful to identify contaminants in the catalog such as star
clusters, massive galaxies or high surface brightness and compact dwarf galaxies. The blue ellipses
and corresponding labels in Figure 13 depict the location of different objects in the size-magnitude
diagram. The SC dwarf catalog is not contaminated by star clusters and giant galaxies, and galaxies
in this catalog mostly lie within the ellipse labelled dEs, dIrrs and BCDs. The nucleus of BCDs have
high surface brightness while their outer parts are faint. They may be part of the sample as they have
effective surface brightness and magnitude similar to LSBs (Meyer et al. 2014). Dwarf sphericals
(dSphs) are similar to dEs except that they are slightly redder and fainter (e.g., Seo and Ann 2023,
Ann and Seo 2015). While these galaxies are thought to have different formation mechanisms, they
constitute a small fraction of LSBs and distinguishing them is beyond the scope of this work.

Figure 14: Size(Re,r)-magnitude(Mr) diagram for pristine LSBs (left) and group LSBs (right). The angled
dashed lines represent the surface brightness values that correspond to each effective radius and magnitude.
Above the horizontal black line (at 1.5 kpc) are ultra-diffuse galaxy candidates. The dwarf galaxies from
FDSDC by Venhola et al. 2018 is also shown with the group LSBs (yellow squares).

The size-magnitude diagram for the group and the pristine galaxies in the SC dwarf catalog are shown
in Figure 14. The group galaxies have six large LSBs with 1.65 < Re,r < 2 kpc that the pristine
galaxies do not have. LSBs with Re,r > 1.5 kpc are categorised as Ultra Diffuse Galaxies(UDGs) and
are thought to have different formation mechanisms (refer Román and Trujillo 2017, Zaritsky et al.
2023). We find 5 UDG candidates in the pristine environment and 16 in the group environment.

We compare the group LSBs with the FDSDC dwarf galaxies. Approximately 45% of their catalog
is in the SC dwarf catalog. Figure 14 shows that their catalog reaches depths upto µ̄e,r ∼28 mag
arcsec−2 while the SC dwarf catalog reaches upto µ̄e,r ∼27 mag arcsec−2. Some low luminosity
LSBs with (Mr > -10 mag) are also missing in our catalog. The FDSDC galaxies that have µ̄e,r > 23
mag arcsec−2 are bright dwarfs and are not LSBs.
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4.1.2 Color-color relation: Defining red and blue galaxies

In Figure 15, we show the color-color relation for the LSBs in the SC dwarf catalog. The histograms
for g− i and g− r colors have two peaks, showing the bimodality in the color distribution. It has
been well-established in the literature (e.g., Blanton et al. 2003) that red and blue galaxies form two
distinct populations (peaks in the density of the points in Figure 15). In T21, galaxies with g− i < 0.6
mag were defined as blue (late-type) and those with g− i ≥ 0.6 mag were considered red (early-type).
This segregation was defined using the intersection point of the Gaussian curves fit around each peak
in the g− i histogram. The black dotted line in Figure 15 represents the color definition (g− i = 0.6
mag) used by T21. As this thesis uses parameters obtained in g and r band for analysis, we use g− r
values to define a galaxy’s color. We fit the color-color diagram with a linear relation (slope = 0.65,
intercept = 0.06). Finally, we define galaxies with g− r > 0.452 mag as red and g− r ≤ 0.452 mag
as blue.

Figure 15 shows that blue LSBs dominate the SC dwarf catalog. T21 demonstrated that their catalog
contains more blue LSBs than red LSBs, whereas other LSB catalogs, such as that of Greco et al.
2018, show equal populations of both. Whether blue LSBs dominate their sample due to their selec-
tion, error in photometry, impurity of the sample or if it represents an intrinsic distribution is unclear.
It is important to note that this uncertainty may affect the conclusions drawn in this work.

Figure 15: g− r vs g− i diagram of LSBs with the density of the scatter plot shown using colormap. The
fit to the relation (black solid line) is included. The definition of galaxy color adopted by T21 (black dotted
line; g− i = 0.6 mag) and the corresponding value used in this thesis (red dotted line; g− r = 0.452 mag) is
included. The histograms show the fraction of galaxies in each axis.
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4.1.3 Sersic index-magnitude relation

Figure 16: Sérsic n vs absolute magnitude Mr diagram of pristine (top-left) and group (top-right) LSBs. The
dwarf galaxies from FDSDC by Venhola et al. 2018 is also shown with the group LSBs (black squares). The
histogram of Sérsic n of pristine (bottom-left) and group (bottom-right) LSBs.

The Sérsic index n characterises the shape of a galaxy’s radial intensity profile. An exponential
profile similar to that of a galaxy disk corresponds to n = 1. Galaxies with a central concentration and
a disk typically have higher n. In general, most LSBs are diffuse and do not have a distinct nucleus.
Therefore, they typically have Sérsic n ≤ 1 (e.g., Venhola et al. 2022). Venhola et al. 2022 showed
that measurement uncertainties can cause scatter in the Sérsic index of faint galaxies, due to which
the range of observed Sérsic index can extend up to n = 2. We find that the mean Sérsic n of pristine
galaxies is 1.15 and the mean Sérsic n of group galaxies is 1.08.

Figure 16 shows the Sérsic index of pristine and group galaxies. The dwarf galaxies in FDSDC are
mostly limited to n < 2 while the SC dwarf catalog has a large scatter, especially in the pristine
environment. Galaxies within 2 < n < 4.5 includes LSBs that are blue in color on visual inspection.
It is likely that the photometry for these galaxies may not be accurate, however, it is possible that the
blue LSBs in the pristine environment have a higher Sérsic index. Galaxies with n ∼ 5 were mostly
massive galaxies and some were Blue Compact Dwarfs (BCD). As galaxies with a distinct nucleus
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and a disk require a double-component Sérsic fit while T21 uses a single-component Sérsic fit, the
photometry of these galaxies are not reliable. The fraction of galaxies in the SC dwarf catalog with
n ≥ 2 is nearly zero (see histograms in Figure 16), therefore, this will not affect further analysis.

4.1.4 Magnitude and stellar mass function

The histograms of the calculated absolute magnitudes and stellar mass for galaxies in the SC dwarf
catalog are shown in Figure 17. To check if the values agree with the literature, we use the FDSDC
galaxies and compare the absolute magnitude Mr in our group catalog. The absence of SC group
galaxies between −16 < Mr <−18 mag is due to the bright dwarf population in FDSDC, which does
not comply with the LSB selection set by T21. The range of values in the SC dwarf catalog are within
the range in FDSDC. The shape of the histogram is similar in both cases with increasing fraction of
galaxies from the bright side to the peak at Mr ∼−12 mag after which incompleteness sets in.

Group and pristine galaxies show different distributions. Approximately 35% of group galaxies have
Mr <−12.5 mag while only 15% of pristine galaxies are in this range. The fraction of group galaxies
with Mi < −13 mag is 40% while the fraction of pristine galaxies is 18%. As the stellar mass is
calculated using Mi, the distribution of stellar mass is similar to Mi. Nearly 47% of group galaxies
have log M∗ > 6.5 M⊙ while 22% of pristine galaxies have log M∗ > 6.5 M⊙.

Figure 17: The Mr histogram for group galaxies along with the histogram of dwarf galaxies in FDSDC by
Venhola et al. 2018 (top-left) and the histograms of Mr (top-right), Mi (bottom-left), M∗ (bottom-right) for the
group and pristine galaxies are shown.
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4.2 Distribution of galaxies and their structural properties

We study the distribution of LSBs, probe their morphology-density relationship and structure with
respect to their distance from the Fornax Wall.

4.2.1 The 2D distribution of galaxies

In this section, we describe the distribution of LSBs within the Fornax Wall. We use Kernel Density
Estimation (KDE) in the 2D plane to obtain density contours. Our goal is to identify regions of high
density within the supercluster. Therefore, a kernel of size ∼ 2× 2 deg2 is used based on the virial
radius of the Fornax cluster (2.2 deg). The densities are evaluated using scipy.stats.gaussian kde
on a grid spanning −70 < DEC <−10 along and 35 < RA < 75. While KDEs produce a continuous
distribution map, the estimated densities can spill over from high density regions to nearby areas.
Therefore, it is important to look at the KDE in combination with the 2D distribution of LSBs, inorder
to form conclusions.

Figure 18: KDE for the spatial distribution of LSBs within the Fornax Wall and their 2D distribution (white
points). The Fornax Wall (gray line) spine is also shown alongwith its groups (black dashed-circles).
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Figure 18 shows the distribution of all LSBs that are part of the Fornax Wall. The galaxies are seen
to be clumped in groups closer to the spine, mainly in the Eridanus Supergroup (over-density at the
top) and the Fornax cluster region (over-density at the center). We also observe clumping near NGC
1566 of the Dorado Group (over-density at the bottom). Due to the well known morphology-density
relation, most of the galaxies in the high density regions are expected to be early-type and red in color.
T21 also found that red LSBs were clustered while blue LSBs were distributed uniformly. To identify
if this is the case and if it depends on the proximity to the spine, we show the KDE for blue and red
LSBs separately in Figure 19.

Figure 19: KDE for the spatial distribution of blue (left) and red (right) LSBs within the Fornax Wall and their
2D distribution (white points). The Fornax Wall (gray line) spine is also shown alongwith its groups (black
dashed-circles).

The blue LSBs are located both in group and pristine environment. Any absence of blue galaxies
seen in certain regions (for example, (RA, DEC) ∼ (65, -40)) is due to the removal of galaxies within
background or foreground groups in Section 3.1.5. In contrast, the red galaxies are clustered in groups
closer to the spine and the density of red galaxies is extremely low in the pristine environment. Red
galaxies are, therefore, the main contributors to the gradient observed in the distribution of all the
galaxies as expected.

4.2.2 Morphology-density relation in the Fornax Wall

The fraction of LSBs as a function of their distance from the Fornax Wall spine is shown in Figure
20. There are 15 % more galaxies that are in the bin at 1 deg from the spine than that are at 7 deg
from spine. Therefore, LSBs are preferentially located closer to the spine, which has been defined
using massive galaxies.
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Figure 20: Fraction of galaxies in the
SC dwarf catalog as a function of pro-
jected distances from the Fornax Wall
spine. The distance bins are of size ∼
2 deg as it is comparable to the size of
the Fornax cluster. We assume a Pois-
son distribution in each bin to calculate
their uncertainties.

To investigate the morphology-density relation, we plot the fraction of LSBs that are red and blue as
a function of their distance from the spine in Figure 21. The fraction of red group galaxies decreases
from ∼ 7% at 1 deg from the spine to nearly zero at 5 deg. Blue group galaxies exhibit a similar
trend, with both fractions dropping to zero beyond 5 deg. However, at 1 deg, the fraction of red
group galaxies is slightly (∼ 4% ) higher than that of blue group galaxies. At 3 deg, this difference
diminishes, with fraction of red galaxies being only <1% more than blue ones. There are more early-
type galaxies than late-type galaxies in groups within 3 deg from the spine while the groups farther
than that have nearly equal populations of both morphology types.

Figure 21: Fraction of the LSBs in the SC dwarf catalog that are red/blue in groups (left) and red/blue in the
pristine environment (right) as a function of projected distance from the Fornax Wall spine. The dashed lines
represent the fraction of LSBs that are both red and blue.

The trends of the red and blue pristine LSBs in Figure 21 are different from those in groups. A
major difference is that the fraction of red galaxies is on average ∼ 5% smaller than the fraction of
blue galaxies. This agrees with the 2D distribution in Figure 19 which showed that red galaxies are
sparsely populated outside groups. While it is possible that a part of the blue galaxy population could
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be due to background or foreground contamination, it is more likely that this difference is an intrinsic
distribution as 70% of the pristine population are blue galaxies.

The red pristine galaxy fraction is smaller at 5 deg than at 1 deg similar to group galaxies. However,
the slope is not as steep with only a 3% drop from 1 deg to 5 deg from the spine. We recall that the
pristine galaxies do not necessarily contain only isolated galaxies. Groups can affect galaxies upto ∼
3 times the virial radius from their centers (Cen et al. 2014). Some of the pristine galaxies may be part
of the group or may be infalling galaxies that have been influenced by the group environment (Bahé
et al. 2013). Previous studies show that infalling galaxies can undergo starbursts that may quench the
galaxies before they enter a group (e.g., Mahajan et al. 2012). Therefore, the slightly higher fraction
of red pristine galaxies closer to the spine might be due to the galaxies in the outskirts of Fornax
cluster, Dorado group and the groups of Eridanus Supergroup.

4.2.3 Structural parameters of the LSBs

Label Bin

µ0 µ̄e,r < 25 mag arcsec−2

µ1 µ̄e,r ≥ 25 mag arcsec−2

M∗
0 log M∗ < 6.5 M⊙

M∗
1 6.5 ≤ log M∗ < 7.5 M⊙

M∗
2 log M∗ ≥ 7.5 M⊙

n0 Sersic n ≤ 1

n1 Sersic n > 1

R0 Re,r < 0.5 kpc

R1 0.5 ≤ Re,r < 1 kpc

R2 1 ≤ Re,r < 1.5 kpc

R3 Re,r ≥ 1.5 kpc

e0 ellipticity < 0.5

e1 ellipticity ≥ 0.5

gr0 g− r < 0.452

gr1 g− r ≥ 0.452

Figure 22: Fraction of group LSBs as a function of projected distance from the Fornax Wall spine for M∗, Sersic
n, µ̄e,r, ellipticity, Re,r, and g− r color bins (left). Table with the labels in Column 1 and the corresponding bins
in Column 2 (right).

In the previous section, we established that groups near the spine have more red galaxies than ones
farther. We investigate if other galaxy properties show such a relation. The stellar mass M∗, effective
surface brightness µ̄e,r, effective radius Re,r, Sérsic index n and the ellipticity have been divided into
different bins provided in the table in Figure 22. The effective radius bin (R4) contains the UDG
candidates identified in Section 4.1.1. The two Sersic index bins each define flat and bulgy galaxies.
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The g− r bins retain the definitions in Section 4.1.2 for red and blue galaxies. The remaining bins
have been defined by dividing the sample range into equal sizes.

The fraction of group LSBs for these bins is shown in Figure 22. Within 1 deg from spine, there
are 55% more group galaxies with log M∗ < 7.5 M⊙, 30% more galaxies with red color, 55% more
galaxies with ellipticity < 0.5, 35% more galaxies with µ̄e,r < 25 mag arcsec−1 and 35% more galaxies
Re,r < 1 kpc as compared to galaxies outside these ranges. Regardless of whether the population in
the different bins mentioned above are the same galaxies or not, we speculate that there is some effect
of the supercluster structure on group galaxies depending on their proximity to the spine.

The fraction of pristine LSBs is shown in Figure 23. All the properties have nearly constant fractions
in every bin. Any difference in the fractions between each distance bin is < 5% for all the properties
except for ellipticity, for which the difference is < 10%. These trends are similar to those observed for
g− r color and suggests that there may be no environmental effect on pristine galaxies as a function
of distance to the spine. We discuss the distribution of these properties in the next chapter.

Label Bin

µ0 µ̄e,r < 25 mag arcsec−2

µ1 µ̄e,r ≥ 25 mag arcsec−2

M∗
0 log M∗ < 6.5 M⊙

M∗
1 6.5 ≤ log M∗ < 7.5 M⊙

M∗
2 log M∗ ≥ 7.5 M⊙

n0 Sersic n ≤ 1

n1 Sersic n > 1

R0 Re,r < 0.5 kpc

R1 0.5 ≤ Re,r < 1 kpc

R2 1 ≤ Re,r < 1.5 kpc

R3 Re,r ≥ 1.5 kpc

e0 ellipticity < 0.5

e1 ellipticity ≥ 0.5

gr0 g− r < 0.452

gr1 g− r ≥ 0.452

Figure 23: Fraction of pristine LSBs as a function of projected distance from the Fornax Wall spine for M∗,
Sersic n, µ̄e,r, ellipticity, Re,r, and g−r color bins (left). Table with the labels in Column 1 and the corresponding
bins in Column 2 (right). The table is the same as in Figure 22
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5 Discussion and Conclusion

Matter flows in the Universe from low density regions such as voids to high density regions such as
walls and filaments. It is likely that many galaxies within the Fornax Wall originated from nearby
environments (R24). The variations in morphology across the different environments in the Fornax
Wall may trace the evolutionary history of the supercluster (Einasto et al. 1980), similar to how the
present structure of galaxies can reflect their dynamical history.

In the previous chapter, it was observed that LSBs in the Fornax Wall are clustered in groups that lie
along the spine. As established by T21 (discussed in Section 1.5), this clustering is mainly observed
in red LSBs while blue LSBs have a uniform distribution throughout the region. They attributed the
clustering to known groups like the Fornax cluster. In our work, we observe that the clustering in red
LSBs is mainly found in the large groups situated along the spine of the Fornax Wall. Groups farther
from the Fornax Wall do not show significant clustering. This is in agreement with the morphological
segregation observed by R24 for massive galaxies, who found that there were more early-type galaxies
close to the spine. We also observed that the properties of group galaxies depend on the proximity to
the spine.

Pristine galaxies showed no significant changes in its properties as a function of distance from the
spine and ∼ 30 % of pristine LSBs were found to be red. For LSBs, the efficiency of internal feedback
is weak (Peng et al. 2010) and environmental processes are expected to dominate. As the pristine
environment includes galaxies in the outskirts of one virial radius of groups, we suspect that a large
population of these galaxies may be the precursors of pre-processed galaxies part of infalling groups.

In this chapter, we investigate group and pristine galaxies by converging on the population of LSBs
that show signs of environmental impact and discuss this with respect to their location in the super-
cluster.

5.1 Environmental impact on LSBs

After investigating LSB distribution in the supercluster with color maps of properties listed in Section
4.2.3, we find that the effective radius of galaxies in and around groups is generally higher than in
the pristine environment as seen in Figure 24. Figure 24 also shows the distribution of red and blue
LSBs with Re,r in the colormap. Like with the clustering of galaxies observed by T21, red galaxies
are the main contributors for the difference in Re,r between group and pristine environments, while
blue galaxies have a similar distribution.

Figure 25 shows the Kormendy relation for the group and pristine LSBs that are red and blue. The
histograms of the effective radius and effective surface brightness are fit with a skew normal distribu-
tion. In the case of effective radius, the two histograms intersect at 0.47 kpc beyond which the fraction
of red pristine galaxies reduces to zero while the fraction of red group galaxies remains significant for
all effective radius.

We investigate if the skew in the Re,r distribution of red pristine LSBs towards low Re,r may be due to
background galaxies. The red LSBs with µ̄e,r > 23.5 mag arcsec−2 have surface brightness and g− r
(colormap in Figure 25) equivalent to the rest of the population. Based on visual inspection, the red
galaxies with µ̄e,r < 23.5 mag arcsec−2 had a bright nucleus suggesting that they may be background
galaxies. However, their fraction is nearly zero and they will not affect our analysis significantly.
Thus, it is likely that the distribution observed is not severely affected by background galaxies.
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Figure 24: All the LSBs (top), blue LSBs (bottom-left) and red LSBs (bottom-right) in the 2D space with Re,r

colormap. The Fornax Wall spine (gray line) and the Fornax Wall groups (black circles) are shown.

Nearly 66% of the red galaxies in groups have large radius (Re,r ≥ 0.47 kpc)4 while only ∼ 30%
of pristine have a large radius. In particular, the fraction of the pristine LSBs with the largest Re,r
is nearly zero. Thus, red, early-type LSBs are significantly different in their size depending on their
environment. This distinction is not seen in blue galaxies where both group and pristine environments
have similar distributions for effective radius in Figure 25. In the case of effective surface brightness,
there are ∼ 10% more red group galaxies and ∼ 10% more blue group galaxies with µ̄e,r > 24.24 mag
arcsec−1 than in the pristine environment. However, the peak of the blue group and pristine galaxy

4We expect that this value will change if the membership of the galaxies in the SC dwarf catalog is further refined
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histograms are not different.

T21 found that large (Re,g > 0.6 kpc) and faint (µ̄e,g > 26 mag arcsec−2) LSBs within the DES foot-
print were almost exclusively red. We find that ∼ 72% of the LSBs in this range are red. As red galax-
ies are clustered in groups and since the Re,r and µ̄e,r distribution found in the Fornax Wall groups and
the pristine environment are different, their finding may be due to an influence of the environment in
groups. We further investigate the small LSBs (Re,r < 0.47 kpc) and large LSBs (Re,r ≥ 0.47 kpc)
separately as the differences in effective radius of the two environments is more prominent compared
to the differences in surface brightness.

Figure 25: The Kormendy Relation (Re,r vs µ̄e,r) of red (top) and blue (bottom) LSBs in the group and pristine
environment with their g−r color in the colormap. A skew normal function is fit to the histograms of red LSBs.
The red dashed line corresponds to the intersection point of the red pristine and group histogram functions.

Large red LSBs are found only in groups or next to large groups close to the Fornax Wall in Figure
26. These regions also have multiple massive galaxies5. When compared to the distribution of small
LSBs, they sparsely populate low density regions which suggests that their size might be due to
interactions in high density regions.

The increase in size of LSBs in groups may be related to UDG formation. The mechanism that forms
the large radius (Re,r > 1.5 kpc) of UDGs has been debated in literature. Some suggest that they
form through internal mechanisms. For example, in high spin dark matter halos that prevent gas from
collapsing into a dense structure (e.g., Amorisco and Loeb 2016), or through outflows due to stellar
feedback from starbursts at early epochs (e.g., Di Cintio et al. 2017). Meanwhile, others suggest that
they are formed through environmental influence. For example, failed galaxies that are quenched
by ram pressure stripping and tidal interactions before they reach high surface brightness (e.g., van
Dokkum et al. 2015, Martin et al. 2019), tidal interactions with massive hosts (e.g., Jones et al. 2021),
tidal forces in a cluster experienced during/after infall (e.g., Sales et al. 2020) or formation of diffuse
galaxies from tidal debris created by interacting massive galaxies (e.g., Román et al. 2021). UDGs
have been observed both in field (e.g., Leisman et al. 2017, Román et al. 2019) and in dense regions
(e.g., Iodice et al. 2020, For et al. 2023). Their presence in the field suggests that large, diffuse
galaxies can be formed without environmental influence but their distribution is not clear due to the
difficulty in observing them.

In our work, we find that the largest LSBs are found only in groups close to the Fornax Wall. Many of

5A more robust analysis is required to confirm this for those that our outside groups.
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the formation models listed above predict that diffuse and large galaxies can be found in low density
regions. Only a few suggest that they are more likely to be found in groups (e.g., van Dokkum et al.
2015, Martin et al. 2019). Investigating the formation of large LSBs in the Fornax Wall may help
resolve the formation mechanism of UDGs.

Based on UDG formation models, Jackson et al. 2021 studied LSBs using a cosmological simu-
lation (NewHorizon). They suggest that LSBs form through a combination of supernova-driven gas
outflows, tidal interactions and ram-pressure stripping. In their work, LSBs with lower surface bright-
ness (accompanied by an increase in effective radius6) at a given stellar mass are formed from galaxies
that were part of high density environment at early epochs. At high redshifts, their progenitors had
faster gas accretion which increased star formation and thus, the strength of supernova-driven feed-
back. The gas outflows due to feedback decreased their surface brightness and increased the effective
radius as both gas and old stellar population were pushed out. Both ram pressure stripping and tidal
interactions can trigger star formation which then triggers gas outflows. Tidal interactions can also
heat up the matter in galaxies, increasing their effective radius. Furthermore, progenitors of LSBs
with “high” surface brightness at a given stellar mass were found in low density environments and did
not have strong outflows. Their effective radius grew much slower resulting in smaller galaxies.

Figure 26: The 2D distribution of red LSBs with Re,r ≤ 0.47 kpc (left) and red LSBs with Re,r > 0.47 kpc
(right). Massive galaxies (R24) belonging to the Fornax Wall is included as white stars and Fornax Wall groups
as white circles. The approximate location of some possible groups found in the distribution of red LSBs with
Re,r > 0.47 kpc is denoted by the red circles.

6Effective radius of LSBs have a range of ∼ 0.5−2 kpc in Jackson et al. 2021
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Our work supports their theory as nearly all large LSBs are found in or near groups that are close to the
Fornax Wall. However, we do not have direct evidence that their progenitors formed in high density
regions at high redshifts as they may have been accreted from nearby regions later (like the UDGs
in Sales et al. 2020). It is likely that the large LSBs in the outskirts of groups are infalling galaxies.
Therefore, it is still possible that they may have attained their size solely through tidal interactions
with massive hosts and/or ram pressure stripping.

In summary, we find that nearly all red large LSBs are found within or near the Fornax Wall groups
where there are BCGs and other massive galaxies, while small red LSBs dominate the pristine en-
vironment. In particular, the largest red LSBs are only found in groups. This likely supports the
simulation by Jackson et al. 2021 which suggests that they were formed in high density environments
through supernova feedback induced by the environment. Additional investigation is necessary to
understand if large red LSBs are mainly influenced by the local environment (group and massive host
galaxies) or if the large-scale assembly of galaxies and matter (infall or increased gas accretion at
early epochs) is also important.

We also comment on the distribution of small red LSBs, as the presence of quenched LSBs in the
pristine environment could present an interesting avenue for future research. In some regions, they
seem to be clumped together (red circles Figure 26). These regions do not always have a massive
galaxy in them (e.g., below the Dorado group, towards the left in the figure) and are not necessarily
near known groups. We speculate that they may be dwarf-galaxy groups with no massive hosts like
those observed by Tully et al. 2006. Further analysis is required to confirm if they form groups, if
their star formation is quenched and to estimate if they may be precursors of pre-processed cluster
galaxies.

5.2 Summary of Main Contributions

In this work, we explored the LSB dwarf galaxies in the Fornax-Eridanus supercluster using the
spine of the Fornax Wall defined by R24. We obtained a supercluster low-surface brightness dwarf
galaxy (SC dwarf) catalog by identifying Fornax Wall member galaxies from the DES LSB catalog
using scaling relations, a known background/foreground group catalog and visual inspection. We
calculated the absolute magnitude and stellar masses of the galaxies, and their distributions were in
good agreement with literature. The SC dwarf catalog was estimated to contain mostly dEs and dIrrs
based on the size-magnitude relation. We summarise the main results:

1. We investigated the clustering of red LSBs found in the DES survey by T21, in the context
of the supercluster. Red LSBs (g− r < 0.45 mag) dominated the group environment while
blue LSBs dominated the pristine environment as determined by T21.

2. We find that the morphology of LSBs depends on their proximity to the Fornax Wall spine.
Red LSBs were located close to the spine and their fraction decreased away from the spine.

3. The effective radius of red LSBs was found to depend on the environment. The largest red
LSBs were in groups and were not found in the pristine environment.

The morphological segregation of massive galaxies in the Fornax Wall was attributed to pre-processing
in groups and the inflow of galaxies from nearby structures by R24. Our work suggests that LSBs also
follow a similar morphological segregation with more red LSBs found close to the spine indicating
that pre-processing may play a role. In addition to this, we find that the environment in groups is
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likely to increase the effective radius of red LSBs. As the largest LSBs are not found in the pristine
environment, it is likely that the group environment plays a primary role in their formation.

5.3 Suggestions for future work

The SC dwarf catalog, while comprehensive, includes galaxies that are not LSBs, such as bright
galaxies with Sérsic n ∼ 5, and those with µ̄e,r > 23.5 mag arcsec−2. In addition to this, the T21
catalog, from which the SC dwarf catalog is derived, was dominated by blue galaxies. To enhance the
accuracy of the galaxy properties and refine the purity of the LSB sample, it is crucial to redo their
photometry. Furthermore, visual inspection of these galaxies will aid in verifying their morphology
and color.

The DES Y3 GOLD catalog was found to have nearly 66% of the FDSDC catalog after applying
only µ̄e,r > 24.2 mag arcsec−2 and Re,r > 2.5” (T21). The T21 catalog was made with strict selection
effects and has ∼ 45% of the FDSDC catalog. Their catalog was produced after applying machine
learning classification and additional cuts based on color. Nearly 20% of the galaxies found in DES
Y3 GOLD are not in the T21 catalog. Using the DES Y3 GOLD catalog directly and identifying
LSBs might improve its completeness.

The Euclid (Laureijs et al. 2011) mission surveys ∼ 15000 deg2 area with high spatial resolution
and depth that has not been achieved previously for wide surveys (Euclid Collaboration; Scaramella,
R. et al. 2022). Imaging from Visual instrument (VIS; Cropper et al. 2014) in the optical band is
able to resolve features in LSBs and may enable the use of surface brightness fluctuations to estimate
distances to these galaxies (Cuillandre 2024). The advent of Euclid and future wide surveys with deep
data will largely improve the identification of members of the Fornax Wall.

Analysing additional properties such as metallicity, asymmetry, and alignment of the galaxies can
give deeper insights into their star formation histories and structure. Venhola et al. 2022 showed that
dwarf galaxies with large excess size(the deviation of the effective radius of a galaxy from the mean
at a given mass) had a weak preferential alignment towards the Fornax cluster center. Moreover,
galaxies that have experienced tidal disturbances may be elongated towards the perturbation source.
Investigating this can reveal whether the Fornax wall may have some (weak)influence on pristine
LSBs and confirm whether pre-processing dictates the observed morphological distribution.

Applying a nearest-neighbor algorithm to detect possible groups of LSBs in the pristine environment
can provide better insights on the mechanisms responsible for the properties of galaxies in them.
Analysing filamentary structures detected by R24 around the Fornax Wall is also vital to understand
the evolutionary pathway of galaxies and the subsequent environmental effects on LSBs, especially
in the pristine environment.
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Appendix

A Comparison of rest-frame colors at different regions in the Fornax Wall

To justify the usage of the Fornax BCG to define background galaxies in the color-magnitude diagram
for the supercluster galaxies, we calculate the rest-frame colors using K-correction, and compare the
rest-frame colors of a particular apparent color when observed at the Fornax cluster and at the two
extremities of the Fornax Wall. The galaxy magnitudes are K-corrected for a range of g-r and g-i
colors using the empirical relations available in the python calculator provided by Chilingarian et al.
2010 and Chilingarian and Zolotukhin 2012. For the range of redshifts spanned by the Fornax Wall
BCGs (z ∼ 0.004 to z ∼ 0.006; 2M++ catalog Lavaux and Hudson 2011), the rest-frame colors differ
by 0.004 at maximum which is less than the errors7 (order of 0.01) in LSB colors.

7Error in g - r color =
√
(e2

g + e2
r ), where eg and er are error in g and r magnitudes respectively.
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Dekel. NIHAO - XI. Formation of ultra-diffuse galaxies by outflows. Monthly Notices of the Royal
Astronomical Society, 466(1):L1–L6, March 2017. doi: 10.1093/mnrasl/slw210.

Martina Donnari, Annalisa Pillepich, Gandhali D. Joshi, Dylan Nelson, Shy Genel, Federico Mari-
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ton, T. Blümchen, C. Bonoli, F. Bortoletto, C. Cerna, L. Corcione, C. Fabron, K. Jahnke, S. Ligori,
F. Madrid, L. Martin, G. Morgante, T. Pamplona, E. Prieto, M. Riva, R. Toledo, M. Trifoglio,
F. Zerbi, F. Abdalla, M. Douspis, C. Grenet, S. Borgani, R. Bouwens, F. Courbin, J. M. De-
louis, P. Dubath, A. Fontana, M. Frailis, A. Grazian, J. Koppenhöfer, O. Mansutti, M. Melchior,
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